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Npap60/Nup50 Is a Tri-Stable Switch that
Stimulates Importin-:-Mediated
Nuclear Protein Import
in the nucleus. RanGTP binding to importin- releases
importin-. NLS-cargo is displaced from importin- by
an exportin called CAS, plus RanGTP (Kutay et al., 1997).
The CAS:RanGTP:importin- and importin-:RanGTP
complexes can then export from the nucleus to be disas-
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Certain karyopherins may be assisted by cofactorsUniversity of Virginia School of Medicine
Charlottesville, Virginia 22908 that increase their transport efficiency. One such cofac-
tor, RanBP3, assists Crm1-dependent nuclear protein4 Fred Hutchinson Cancer Research Center
Seattle, Washington 98104 export by binding directly to the exportin, Crm1, forming
a complex that has a higher affinity for RanGTP and
cargo than has Crm1 alone (Englmeier et al., 2001; Lind-
say et al., 2001). Crm1:RanBP3:RanGTP:cargo exportsSummary
from the nucleus to the cytoplasm and is disassembled
by RanBP1 and the Ran GTPase activating protein, Ran-Many nuclear-targeted proteins are transported
through the nuclear pore complex (NPC) by the im- GAP. To accomplish these functions, RanBP3 behaves
as a bi-stable switch that changes its binding mode toportin-: receptor. We now show that Npap60 (also
called Nup50), a protein previously believed to be a Crm1 at different stages of the transport cycle. Yrb2p
may play a similar role in yeast (Taura et al., 1998).structural component of the NPC, is a Ran binding
protein and a cofactor for importin-:-mediated im- We noticed that two other proteins, Nup2p in budding
yeast and the mammalian Npap60, possess a similarport. Npap60 is a tri-stable switch that alternates
between binding modes. The C terminus binds im- arrangement of domains as RanBP3, despite the ab-
sence of overall sequence similarities. Nup2p was origi-portin- through RanGTP. The N terminus binds the
C terminus of importin-, while a central domain binds nally described as a nucleoporin and has been impli-
cated in the export of importin- from the nucleus (Boothimportin-. Npap60:importin-: binds cargo and can
stimulate nuclear import. Endogenous Npap60 can et al., 1999; Hood et al., 2000). Npap60 (also termed
Nup50) has also been described as a nucleoporin thatshuttle and is accessible from the cytoplasmic side of
the nuclear envelope. These results identify Npap60 is associated with the nucleoplasmic side of the NPC
and is essential for mouse development (Smitherman etas a cofactor for importin-: nuclear import and as
a previously unidentified subunit of the importin al., 2000). Nonetheless, Nup2p and Npap60/Nup50 may
not be orthologs, as their overall sequence similarity iscomplex.
very low (14%). It has been reported that Npap60/Nup50
can bind Crm1, and that anti-Npap60/Nup50 antibodiesIntroduction
specifically inhibit Crm1-mediated export (Guan et al.,
2000).Eukaryotic cells are defined by the presence of a mem-
brane bound nucleus that separates transcription from We describe here a different, and unexpected function
for Npap60/Nup50 as a cofactor for nuclear protein im-translation. Macromolecular cargo moves between the
cytoplasmic and nuclear compartment through nuclear port, rather than as a nucleoporin. For this reason, we
prefer the name Npap60. In our hands, Npap60 bindspore complexes (NPCs), several thousand copies of
which penetrate each nuclear envelope. NPCs are com- directly to both importin- and importin-, but not to
Crm1, and forms a Npap60:importin-: complex. Thisposed of proteins termed nucleoporins, which often
contain repeats of the motifs SLFG or FxFG (Ryan and bridging interaction increases the affinity of importin-
for importin-. Npap60 is a nuclear protein at steadyWente, 2000). Cargoes possess nuclear localization sig-
nals (NLSs) and/or nuclear export signals (NESs) that state but is also accessible on the cytoplasmic side of
the nuclear envelope. Addition of Npap60 to limitingare recognized by soluble transport receptors (Mattaj
and Englmeier, 1998; Go¨rlich and Kutay, 1999; Pember- amounts of importin-: stimulates NLS-cargo import
into permeabilized cell nuclei. Npap60 functions as aton et al., 1998). These receptors (karyopherins) can
be subdivided functionally into importins and exportins. cofactor for importin-:-mediated nuclear import and
behaves as a tri-stable switch that changes its bindingThe first described nuclear import receptor was the im-
portin-: heterodimer. mode to importin- as it progresses through the trans-
port cycle.The NLS is recognized by importin- (Adam and Ger-
ace, 1991; Go¨rlich et al., 1994; Imamoto et al., 1995;
Weis et al., 1995), and interaction of the complex with Results
the NPC is mediated by importin- (Go¨rlich et al., 1995).
Importin- can also bind to Ran, a small GTPase. Bind- Npap60 Interacts Directly with the
ing occurs only to GTP-loaded Ran, which is produced Importin-: Heterodimer
During a search for new transport factors, we noticed
that a mammalian protein, Npap60 (Fan et al., 1997),5 Correspondence: imacara@virginia.edu
6 These two authors contributed equally to this work. has a domain structure similar to RanBP3, although the
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Figure 1. Npap60 Is an Importin-: Binding
Partner
(A) Domain alignment of RanBP3 with the re-
lated Npap60 protein. Importin- binding mo-
tif (IABM), FG repeats, and Ran binding do-
main (RBD) are indicated.
(B) Npap60 binds importin-: from HeLa cy-
tosol. Cytosol was exposed to GST or GST-
Npap60 on beads  NLS peptide (40 M).
Cytosol (100 g) and one half of GST and
GST-Npap60 bound fractions were stained
with Coomassie (CBB) (Asterisk indicates
GST-Npap60 and a GST-Npap60 breakdown
product). Immunoblotting (IB) was on 1/20 of
total fractions.
(C) Yeast two-hybrid interaction assay. S. cer-
evisiae HF7c(MATa) expressing GAL4DBD-
Crm1 or -importin- were mated to
W303(MAT) yeast expressing VP16-fusions
as shown.
(D) Coimmunoprecipitation of Npap60 and
importin-. Cytosol was precipitated with
mAbs to importin- (anti-imp-) or hemagluti-
nin (control).
(E) The Npap60:importin- interaction is di-
rect and specific. GST-tagged Npap60,
Npap60 F domain (aa 214–319), RanBP3, or
RanBP3 F domain (aa 182–292) (2 g) were
immobilized on beads in the presence of
His6-tagged Crm1 or importin- (1 M). Pro-
teins were stained with Coomassie or immu-
noblotted for His6.
sequence similarity between the two proteins is low absence of histidine, RanBP3 bound to Crm1 but not
importin-, while Npap60 interacted strongly with im-(23%; Figure 1A). Npap60 has a basic residue motif
at the N terminus, a domain containing one FxFG and portin- but not Crm1 (Figure 1C).
Importantly, the interaction between Npap60 and im-two SLFG repeats, and a C-terminal domain containing
a candidate Ran binding domain (RBD) weakly related portin- was also detected between endogenous pro-
teins. Importin- was immunoprecipitated from HeLato RanBP1. We named these domains N, F, and R, re-
spectively, after the RanBP3 nomenclature (Figure 1A; cell lysate, using monoclonal antibody 3E9, and endoge-
nous Npap60 was detected by immunoblotting (FigureLindsay et al., 2001).
To determine if Npap60 binds to karyopherin- family 1D). A control antibody did not pull down any Npap60,
demonstrating that the interaction with importin- wasmembers, we looked for factors present in cells that can
interact specifically with recombinant Npap60. A soluble specific. Remarkably, both importin- and Npap60 were
completely depleted from the lysate by the anti-HeLa cell extract was exposed to GST-Npap60 immobi-
lized on glutathione-Sepharose. GST alone was used as importin- antibody, indicating that virtually all of the
soluble Npap60 is in a complex with importin-.a control. As shown in Figure 1B, GST-Npap60 inter-
acted robustly with a 97 kDa protein. Immunoblotting To test whether these interactions were direct, GST-
Npap60 or GST-RanBP3 were immobilized on beadsrevealed this protein to be importin-. Importin-1 was
also captured by the GST-Npap60 beads. The interac- and incubated with recombinant Crm1, or importin-.
In contrast to previous reports (Guan et al., 2000), in ourtion with importin-: was specific, because the ex-
portin Crm1 did not bind to Npap60. hands, Npap60 bound to importin- but not to Crm1
(Figure 1E). RanBP3 interacts with Crm1 (Lindsay et al.,However, Npap60 is a nuclear protein (Guan et al.,
2000) and might therefore merely be cargo for the im- 2001).
RanBP3 binds through its F domain to Crm1 (Lindsayportin-: transport pathway. To test this hypothesis,
we tried to compete out binding by the addition of ex- et al., 2001). When GST-tagged versions of the F do-
mains of RanBP3 and Npap60 were incubated with Crm1cess NLS peptide. Unexpectedly, the peptide did not
reduce the amount of importin-: bound to the beads or importin-, the isolated F domain of Npap60 was
sufficient to bind importin- but did not recognize Crm1(Figure 1B).
To further test the specificity of this interaction, we (Figure 1E).
Together, these results suggested the interesting hy-chose the yeast two-hybrid system, using Gal4 DNA
binding domain (Gal4DBD) and VP16 activation domain pothesis that, like RanBP3, Npap60 may be a compo-
nent of a transport complex. However, Npap60 has beenfusions. Strains expressing Gal4DBD-importin- or
-Crm1 fusions were mated with strains that express reported, on the contrary, to be a component of the NPC
with an exclusively nucleoplasmic orientation (Guan etVP16-RanBP3 or -Npap60 and grown on plates con-
taining defined media. As evidenced by growth in the al., 2000). Therefore, we asked whether Npap60 exhibits
Npap60 Is a Trimodal Nuclear Import Cofactor
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Figure 2. Npap60 Shuttles between the Nu-
cleus and the Cytoplasmic Side of the Nu-
clear Pore Complex
(A) Npap60 is a nucleocytoplasmic shuttling
protein. GSN2 cells (labeled “D” for donor)
and Rat1 cells (“A” for acceptor) were
coseeded. Cells were fused and incubated
for 2 hr with cycloheximide. GSN2 nuclei con-
tain a nonshuttling GFP-Stv-NLS fusion pro-
tein. Unfused cells are labeled “U”. Inset
shows specificity of the anti-Npap60 anti-
body for human protein.
(B and C) Npap60 is accessible to the cyto-
plasmic side of the nuclear envelope. HeLa
or NIH3T3 cells were fixed with 2% formalde-
hyde/PBS (FA) before permeabilization with
either 0.1% Triton X-100 (TX-100) or 0.08%
digitonin (Dig), or were fixed after permeabili-
zation with 0.003% digitonin. Hela cells were
stained with anti-human Npap60 and anti-
lamin A/C. NIH3T3 cells were stained with
anti-mouse Npap60 and anti-lamin A/C.
(D) Colocalization of Npap60 and nucleopor-
ins. HeLa cells were treated with 0.003% dig-
itonin, fixed with 2% formaldehyde, and then
stained with anti-human Npap60 (green) and
mAb414 (red). Colocalization is shown by yel-
low in the merged image.
dynamic or static interactions with the NPC. First, we import complex, so long as it can move through the
nuclear pores and be accessible to both compartments.used a heterokaryon fusion assay to detect nucleocy-
toplasmic shuttling. Human GSN2 cells were fused to Therefore, as a second approach, we asked if Npap60
is accessible to the cytoplasmic face of the nuclearRat1 fibroblasts. Our anti-Npap60 antibody only recog-
nizes the human form of the protein, so that shuttling pore complex. HeLa cells were fixed before and after
selective permeabilization of the plasma membrane withof Npap60 from the GSN2 nuclei to the Rat1 fibroblast
nuclei would be detectable by immunostaining. GSN2 digitonin, then immunostained for Npap60. As a control
for loss of integrity of the nuclear envelope, we costainedcells constitutively express a GFP-streptavidin-NLS
(GFP-Stv-NLS) fusion protein that is confined in the nu- for nuclear lamin A/C, and to test this antibody we dis-
rupted the nuclear envelope with 0.1% Triton X-100 aftercleus and does not actively shuttle (Black et al., 1999).
This fusion protein therefore acts as a donor nucleus fixation. Triton X-100 allowed staining of both the nu-
clear Npap60 and the lamins (Figure 2B; top). However,marker and negative control. Cycloheximide was in-
cluded in the medium to prevent de novo synthesis of when the cells were permeabilized with limiting concen-
trations of digitonin, no lamin was detectable, but theNpap60 during the assay. Endogenous human Npap60
was distributed throughout the GSN2 nucleoplasm, as anti-Npap60 antibody produced punctate staining char-
acteristic of nuclear pore complexes. When no deter-has been reported previously for cells fixed with para-
formaldehyde (Smitherman et al., 2000). Two hrs after gent was added, neither antibody stained the cells (Fig-
ure 2B, bottom). These results strongly suggest that thefusion, human Npap60 was detectable within Rat1 nu-
clei, demonstrating that the protein can shuttle between Npap60 is accessible to the cytoplasmic side of the
nuclear pores.the nuclear and cytoplasmic compartments, though
quite slowly (Figure 2A). To confirm this conclusion, we repeated the experi-
ment, with similar results, using NIH 3T3 fibroblasts andHowever, the protein does not need to be released
into the cytoplasm to function as a component of an antibody that detects murine Npap60 (Figure 2C). Fi-
Cell
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Figure 3. The N Terminus of Npap60 Inter-
acts with the C Terminus of Importin-
(A) GST-tagged importin-3 (400 nM) was ex-
posed to His6-Npap60 or RanBP3 (2 M) 
NLS peptide (70 M). Proteins were stained
with Coomassie (CBB) or immunoblotted (IB)
for His6-Npap60 and RanBP3.
(B) Npap60 binds to the C terminus of im-
portin-. 35S-labeled Npap60 was incubated
with GST-tagged C-terminal tails of impor-
tin-4 (aa 349–521) and (aa 396–521) on
beads. Bound proteins were visualized by flu-
orography. Two-hybrid mating assays were
performed as described in Figure 1C.
(C) Schematic representation of importin-.
Binding sites of importin- (Go¨rlich et al.,
1996a), NLSs (Conti et al., 1998; Fontes et al.,
2000), CAS (Herold et al., 1998), and Npap60
are indicated. Residue numbering is from im-
portin-4.
(D) Npap60 binds several importin- iso-
forms. In vitro binding assay in (B) was
repeated with C termini of importin-1, -4,
and -5.
(E) The Npap60:importin- interaction is di-
rect and requires a polybasic motif. GST-
GFP-Npap60 (aa 1–109) (GGN109) or a mu-
tant in which the KRR motif has been mutated
to AAA (KRR) (1.2 M) were exposed to His6-
tagged (500 nM) importin-, importin-, or
both proteins. Bound proteins were detected
with anti-His6 antibodies.
nally, we costained digitonin-permeabilized HeLa cells importin-3, but it effectively blocked the binding of
RanBP3 (Figure 2A). To identify the Npap60 binding do-with an antibody (mAb414) that recognizes nucleoporins
on the cytoplasmic face of the NPC. This antibody also main on importin-, N-terminal deletions of importin-4
produced punctate staining (Figure 2D) and the pattern were tested for interaction with Npap60 in a two-hybrid
colocalizes with that of the anti-Npap60 antibody (al- assay. Deletion mutants missing the N-terminal 348 or
though there are additional, larger patches Npap60 visi- 395 amino acids were still able to interact with Npap60
ble on the surface of the nuclear envelope). Together, (Figure 2B). The interaction of Npap60 with importin-
these data indicate that Npap60 is a nuclear protein 4 (396–521) is particularly interesting as this fragment
that can bind to the importin-: heterodimer and is completely lacks NLS binding sites (Figures 3B and 3C;
accessible from the cytoplasmic side of the NPC. Herold et al., 1998). To confirm the interaction between
Npap60 and the C terminus of importin-, beads cou-
pled to a GST fusion of importin-4 (aa 349–521 or 396–Npap60 Binds Directly to the C Terminus
521), or GST alone, were incubated with [35S]-Npap60of Importin-
produced by coupled transcription-translation. SpecificBoth importin- and importin- were captured by the
binding was observed to the GST-importin-4 mutantsNpap60 beads in our pull-down assay (Figure 1B). The
(Figure 3B) and to the C termini of importin-1 and -5importin- binding might be direct or might instead be
(Figure 3D). Therefore, Npap60 binding is a propertymediated by importin-. To distinguish these possibili-
common to multiple importin- isoforms.ties, GST-importin-3 was immobilized on beads and
Polybasic sequence motifs often specify binding toexposed to Npap60 or RanBP3. RanBP3 served as a
importins (Go¨rlich and Kutay, 1999; Pemberton et al.,positive control for binding to importin- (Welch et al.,
1998). Examination of the N terminus of Npap60 revealed1999). Both Npap60 and RanBP3 bound directly to im-
the sequence motif 41KKAKRR46 (Figure 3E). To deter-portin-3 (Figure 3A), although Npap60 may possess a
mine if this motif is recognized by importin-, we mu-higher affinity for importin- than RanBP3, as evidenced
tated three basic residues starting at amino acid 44by the fraction associated with the beads.
(KRR-AAA), within a GST-GFP (GG) fusion to the NTo determine if Npap60 behaves as a classical import
terminus of Npap60 (aa 1–109) (GGN109). The mutantcargo, we added NLS peptide as a competitor. Surpris-
ingly, the peptide did not reduce binding of Npap60 to and wild-type fusion proteins were immobilized on
Npap60 Is a Trimodal Nuclear Import Cofactor
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Figure 4. Importin- Can Bind and Import
both Npap60 and a Monopartite NLS Simulta-
neously
(A) SV40 NLS and Npap60 IABM peptide
beads were exposed to 400 nM of impor-
tin-, GST-importin-(396–521), or GST. Bound
proteins were detected with anti-His6 or anti-
GST antibodies.
(B) Importin- can bind NLS and the N termi-
nus of Npap60 simultaneously. NLS beads
were exposed to His6-tagged importin- (500
nM), importin- (500 nM), GGN109 (1.2 M),
or combinations of these factors. Bound pro-
teins were detected with anti-His6 or anti-
GFP antibodies. As a control for importin-
dimerization, the beads were exposed to im-
portin-, importin-, and GGNLS (1.2 M).
(C) The N terminus of Npap60 is imported by
importin-:. GGN109 (2 M) was applied to
digitonin-permeabilized cells plus 2 M im-
portin-, importin-, energy, and Ran. Hexo-
kinase-glucose was added to deplete ATP
(-energy). Quantitation of import is shown in
arbitrary units  SEM (n 80 cells/sample).
(D) Import of (2 M) GGN109 or GGNLS were
performed  NLS peptide (100 M). Quantifi-
cation of import was done as in 4C.
beads and incubated with importin-  importin-. tion as an import signal, GGN109 was used for in vitro
nuclear import assays. Import of GGN109 could be re-GGN109 bound importin- and formed a ternary com-
plex with importin-: (Figure 3E). The KRR-AAA mu- constituted in the presence of importin-: (plus Ran
and energy), was reduced by energy depletion (additiontant of Npap60 did not bind to importin- under these
conditions (Figure 3E), but it was detectable when of hexokinase and glucose), and required the integrity
of the IABM in the Npap60 N terminus (Figure 4C). More-washes were performed with lower salt concentrations
(data not shown). The binding of a second mutant, in over, as predicted from the binding studies, import of
GGN109 was not inhibited by NLS peptide, althoughwhich two additional upstream residues were mutated
(KK,KRR→ AA,AAA), was undetectable under all condi- this peptide did effectively block import of GGNLS (Fig-
ure 4D). These data support the notion that importin-tions tested (data not shown). These results indicate
that the importin- binding motif (IABM) within Npap60 can bind and import both NLS-containing cargo and the
IABM of Npap60 simultaneously.requires two adjacent basic sequences.
Importin- Can Bind and Import the Npap60 IABM Importin-:, Npap60, and NLS-Bearing Cargo Can
Form a Quarternary Complex that Stimulatesand a Monopartite NLS Simultaneously
To further study the interaction between Npap60 and Nuclear Protein Import
The results described above suggest that Npap60 mightimportin-, we used beads coupled to peptides com-
prising the SV40 NLS or the IABM of Npap60. The form a heterotrimeric complex with importin-: that
could bind NLS-cargo. To test this idea, NLS-agaroseNpap60 peptide corresponds to residues 35–48. As ex-
pected, both types of beads interacted specifically with beads were exposed to importin-  importin-  full-
length Npap60. Neither Npap60 nor importin- associ-full-length importin-, whereas only the IABM of Npap60
bound the C-terminal fragment of importin- (aa 396– ated with the NLS beads individually and little stuck to
beads conjugated to a control peptide (Figure 5A). As521; Figure 4A).
To ask whether importin- can bind simultaneously expected, in the presence of importin-, importin-
bound to the beads. Npap60 did not compete with eitherto both a classical monopartite NLS and the N-terminal
region of Npap60, the NLS-agarose beads were incu- importin- binding to importin- or importin- binding
to the NLS-beads. In fact, Npap60 efficiently joined thebated with the GGN109 protein  importin- and/or
importin-. Importin- bound specifically to the beads complex. Moreover, when GST-importin- on beads
was exposed to increasing concentrations of importin-(Figure 4B). GGN109 could also bind to the beads, but
only in the presence of the importin-. Simultaneous   Npap60, the Npap60 potently increased the binding
of importin- to importin- (Kapp reduced from 45nMbinding did not result from dimerization of importin-,
because GST-GFP-NLS (GGNLS) could not bind to NLS- to 8nM; Figure 5B).
The ability of Npap60 to stabilize the importin-:agarose beads in the presence of importin- (Figure 4B,
bottom). heterodimer would be predicted to have functional con-
sequences for NLS-directed nuclear import. We testedTo test directly whether the IABM of Npap60 can func-
Cell
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Figure 5. Npap60 Potentiates Nuclear Protein Import at Limiting Concentrations of Transport Factors
(A) Npap60, importin-, and importin- form a complex that binds NLS-cargo. Importin- (200 nM), importin- (1 M), Npap60 (1 M), or
combinations of these factors were exposed to NLS peptide beads or to control beads (c). Bound proteins were identified by Coomassie
staining.
(B) Npap60 stabilizes the importin-: heterodimer. GST-importin- was exposed to increasing concentrations of importin-1  Npap60.
Bound importin- was detected by immunoblotting. Percent maximal binding was calculated by densitometry.
(C) Npap60 specifically stimulates importin-:-mediated nuclear import. (a-h) Importin- (imp-1), importin- (imp-), or transportin (Tp) were
applied to digitonin-permeabilized cells  Npap60 (1 M) plus Ran, energy and GGNLS, or GGM9 (1 M). Quantification was done as in 4C.
(i-k) Export of endogenous importin- was monitored in digitonin-permeabilized nuclei exposed to Ran alone (12 M), Ran plus Npap60 (1.5
M), or Ran plus CAS (1.5 M). Quantification of export is in arbitrary fluorescence units  SEM (n 25 cells/sample).
this prediction in a permeabilized cell transport assay, is not caused by a general change in the structure of
the NPC.using GGNLS. The import buffer (containing Ran and
an energy-regenerating system) was supplemented with The yeast protein Nup2p has a similar domain struc-
ture to Npap60 and the two proteins share the ability tolimiting amounts of importin-: and overlaid onto the
cells for 5 min. Under these conditions, nuclear accumu- bind importin-. One proposed function of this protein is
to potentiate importin- export via CAS. We wondered,lation of the GGNLS was negligible. However, addition
of 1M Npap60 substantially increased import, to a level therefore, whether Npap60 stimulates nuclear import by
a direct effect on the import complex, or indirectly, byequivalent to that of saturating import factors (Figure 5C,
a–c). Addition of Npap60 in the presence of saturating stimulating the export of importin-. To distinguish
these possibilities, we determined the effect of Npap60levels of importin-: did not further increase GGNLS
accumulation in the nucleus, indicating that the Npap60- on the export of endogenous importin- from permeabil-
ized cells exposed to an energy-regenerating systemmediated stimulation of import most likely acts by in-
creasing the efficiency of the importin-: pathway (Fig- and either Ran alone, Ran and Npap60, or Ran and CAS.
Neither Ran alone nor Ran supplemented with Npap60ure 5C, c–d). Moreover, import under these conditions
was linear over 10 min (data not shown), and the ob- were able to mediate any export of importin-, but the
addition of CAS resulted in efficient export (Figure 5C;served differences therefore reflect differences in initial
import rates, rather than in the final levels of nuclear i–k). Therefore, the stimulatory effect of Npap60 on im-
portin-:-mediated nuclear import is not mediated byaccumulation.
The ability of Npap60 to stimulate cargo import under stimulation of importin- export.
These data indicate that Npap60 exerts a direct andconditions of limiting importin-: is specific, since the
cofactor failed to stimulate transportin-mediated import specific stimulatory effect on importin-:-mediated nu-
clear protein import at a step prior to the recycling ofof an M9-containing substrate under similar conditions
(Figure 5C, e–h). Thus, the stimulatory effect of Npap60 importin- from the nucleus.
Npap60 Is a Trimodal Nuclear Import Cofactor
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Figure 6. Npap60 Uses a Modular Structure to Interact with Importin- and RanGTP.
(A) GST-tagged Npap60, or GST-tagged N, F, or R domains of Npap60 were exposed to His6-importin- (1 M)  importin-. Bound proteins
were immunoblotted with anti-importin- antibodies.
(B) As in (A),  RanQ69L (5 M). Bound proteins were immunoblotted with anti-Ran antibodies.
(C) As in (A),  His6-FF5 fragment of Nsp1p (10 M).
(D) GST-tagged Npap60 was exposed to importin- and the FF5 fragment of Nsp1p (10 M)  importin- or Ran Q69L. Asterisks mark full-
length GST-fusions. Schematic representations of interactions are shown on the right. Components are labeled: importin- (), RanGTP (RT),
importin- (), Npap60 (NFR), N domain (N), F domain (F), R domain (R), and FF5 fragment of Nsp1p (FF5).
Npap60 Is a Three-Way Switch posed to importin-  importin-. Npap60 alone bound
to importin- exclusively through its F domain (FigureRanBP3 behaves as a bimodal switch that can interact
with Crm1 either directly, through its F domain, or indi- 6A, lane 5). Importin- bound directly to the N domain
(Figure 3E and 6A, lane 4). Additionally, however, im-rectly, through RanGTP, via its R domain. The similarity
in domain structure of Npap60 and RanBP3 suggested portin- was able to associate indirectly (and weakly)
with the F domain of Npap60, through importin- (Figurethat Npap60 might behave in a similar manner, but with
the complication that it can also bind importin- indi- 6A, lane 6, immunoblot).
Npap60 contains a candidate RBD, and the R domainrectly, via its N domain. Thus, Npap60 may function as
a three-way switch. of Npap60 can indeed bind to RanQ69L directly and
independently of other factors, though with low affinityTo test this hypothesis, GST-tagged domain frag-
ments of Npap60 were immobilized on beads and ex- (Figure 6B, lane 4, immunoblot). RanQ69L can also
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bridge an interaction of the R domain with importin- When RanQ69L was present, importin- failed to associ-
ate with the beads (Figure 7A, lane 5). Some importin-(Figure 6B, lane 12). The N-terminal RBD of importin-
(aa 1–364) was sufficient for this interaction (Supplemen-  was retained on addition of Npap60, however, and
RanQ69L also became associated with the beads (Fig-tal Figure S1, available at www.cell.com/cgi/content/
full/110/3/349/DC1). RanQ69L reduced the relative ure 7A, lane 7). The Npap60:importin-::RanGTP com-
plex can be formed in a 1:1:1:1 stoichiometry whenamount of importin- binding to the F domain (Figure
6B, lanes 9–10). However, the R domain provides an high concentrations of each protein are present (Figure
7C, lane 2). A similar complex could be formed by at-extra, Ran-dependent mode of interaction between im-
portin- and Npap60, allowing for the stable association taching the C-terminal domain of importin- to beads
and binding importin-, Ran, and Npap60 (data notof Npap60 and importin- even in the presence of
RanQ69L. shown).
We reasoned that another factor, in addition toThe third group of binding partners of importin- are
the nucleoporins, characterized by FG repeats (Go¨rlich RanGTP, must be required to disassemble this dead-
end complex. One candidate is the exportin CAS, be-and Kutay, 1999). The structure of importin- in a com-
plex with a fragment of the nucleoporin Nsp1p (FF5) has cause the binding of CAS and NLS-cargo to importin-
 are mutually exclusive. Therefore, NLS beads werebeen solved (Bayliss et al., 2000). To test the influence
of nucleoporins on Npap60 binding to importin-, we exposed to importin-: and Npap60, plus either Ran-
Q69L, CAS, or both proteins (Figure 7B). As previouslychose the FF5 fragment of Nsp1p as a model FG repeat-
containing protein. FF5 effectively attenuated the inter- stated, importin-, importin-, and Npap60 bound to the
NLS beads. However, all three proteins were released byaction of importin- with both the F domain of Npap60
(Figure 6C, lane 6) and full-length Npap60 (Figure 6C, CAS plus RanQ69L (Figure 7B, lane 4). Therefore, the
binding of the Npap60:importin-: complex to NLS islane 2). Presumably, this occurs because the FG repeats
of FF5 compete with the FG repeats of Npap60. Consis- competitive with the binding of CAS to importin-.
tent with this hypothesis, we could detect no direct
interaction between Npap60 and the FF5 fragment (data Disassembly of Npap60 Complexes: Role
not shown). of RanGAP and RanBP1
At face value, these results imply that Npap60 would What is the fate of Npap60 after the displacement of
be released from the import complex when the complex importin- from the NLS-cargo? With GST-Npap60 on
interacts with the NPC. However, in the presence of beads, importin-: bound as expected (Figure 7C), but
importin- or RanQ69L, importin- has two other dis- in the presence of CAS plus RanQ69L, importin- was
tinct binding modes for Npap60. To test the implications released, while importin- and Ran remained bound
of this trimodal switch hypothesis, the assay was re- (Figure 7C, lane 4). CAS did not associate with Npap60
peated in the presence of both FF5 and importin- or under these conditions. CAS cannot bind importin-
RanQ69L. Both factors were able to restore Npap60: within the Npap60:importin-::NLS-cargo complex be-
importin- binding in the presence of nucleoporin (Fig- cause the binding of the Npap60 N domain and of CAS to
ure 6D). Therefore, the complex may remain intact as it importin- are mutually exclusive (Figure 7D). Therefore,
transits the pore, but the inter-subunit contacts between two nuclear complexes are generated upon the disas-
importin- and Npap60, in the presence of importin- sembly of the Npap60:importin-::NLS-cargo com-
or RanGTP, will change. plex: CAS:importin-:RanGTP and Npap60:importin-:
These data demonstrate that the structure of Npap60 RanGTP.
is modular, with three separate domains, N, F, and R that To determine possible mechanisms for disassembly
specify binding to importin-, importin-, and RanGTP, of the Npap60 complex, we examined the effects of
respectively. The importin- and RanGTP provide two importin- and Npap60 on RanGAP activity in vitro. Ran-
distinct bridging modes that can indirectly link importin- GAP cannot act on RanGTP complexed to importin-,
 to Npap60. In addition, while the interaction between and RanBP1 (or RanBP2) plus importin- are essential
importin- and Npap60 is competitive with nucleoporin cofactors for GTP hydrolysis, presumably by facilitating
FG binding, both importin- and RanQ69L can restore release of Ran from the importin- (Bischoff and Go¨rlich,
Npap60:importin- binding in the presence of nucleo- 1997; Floer et al., 1997). We confirmed that, when im-
porin. portin- was loaded with Ran[32P-GTP] and exposed
to RanGAP, efficient hydrolysis of Ran-bound GTP re-
quired both RanBP1 and importin- in addition to Ran-Disassembly of Npap60 Complexes: CAS Plus
RanGTP Removes Npap60 and NLS Cargo GAP (Figure 7E). Interestingly, however, at importin-
concentrations10 nM, Npap60 further enhanced Ran-from Importin-
The fate of a classical import complex upon entry to GAP activity. This effect was entirely dependent on im-
portin-, as Npap60 alone did not stimulate RanGTPthe nucleus has been explored in detail (Kutay et al.,
1997). Within the nucleus, importin- binds RanGTP, hydrolysis by RanGAP, even when added at 10 M
(Figure 7E, and data not shown).releasing the importin-:NLS-cargo complex. Impor-
tin- is then bound by the exportin CAS and RanGTP, A likely mechanism is that Npap60 helps importin-
destabilize the Npap60:importin-:RanGTP complex. Towhich displace the NLS-cargo. But what might happen
to the Npap60:importin-::NLS-cargo complex upon test this possibility, GST-importin-was immobilized on
beads and loaded with Ran[32P-GTP]. Half the beadsentry to the nucleus?
To address this question, NLS beads were exposed were incubated with Npap60. The pools were then split
again into three, and importin-, RanBP1, or both pro-to importin- and importin-  RanQ69L and Npap60.
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Figure 7. Disassembly of Npap60 Com-
plexes
(A) RanGTP is insufficient to remove
Npap60:importin-: complex from NLS.
Factors were exposed to control (C) or NLS
beads as in Figure 5A with the addition of
RanQ69L (6 M). Proteins were immunoblot-
ted with anti-His6.
(B) CAS and RanGTP remove Npap60:impor-
tin-: complex from NLS. NLS beads were
mixed 1:1 with glutathione-Sepharose beads
loaded with 1 g GST per sample. Importin-,
importin-, and Npap60 were added to beads
as in (A), with addition of RanQ69L (6 M),
CAS (2 M), or both proteins.
(C) CAS and RanGTP remove importin- from
Npap60:importin-: complex. Importin- (1
M), importin- (200 nM), RanQ69L (6 M),
or CAS (2 M) were added to immobilized
GST-Npap60. Bound proteins were visual-
ized by Coomassie staining. Asterisk marks
GST-Npap60 breakdown product.
(D) Binding of importin- to the N terminus of
Npap60 is competitive with binding of CAS.
Importin- (200 nM), CAS (2 M), or RanQ69L
(6 M) were added to immobilized GST-N do-
main. Bound proteins were visualized by
Coomassie.
(E) Npap60 potentiates importin- and
RanBP1-mediated stimulation of RanGAP hy-
drolysis. GST-RanGAP (30 nM)  RanBP1 (1
M) were added to preassembled complexes
of Ran[32P-GTP] (3 nM), importin- (16 nM)
Npap60 (1 M), and with increasing amounts
of importin-. Protein-bound [32P]-GTP was
detected by filter binding to nitrocellulose
and scintillation counting.
(F) Npap60 potentiates importin- and
RanBP1-mediated release of RanGTP from
importin-. GST-importin- was immobilized
on beads and loaded stoichiometrically with
Ran[32P-GTP]. After washing to remove un-
bound RanGTP, beads were split into two
pools and Npap60 was preincubated with one
pool for 20 min. At t 0, bead pools were split
in three and (100 nM) importin- RanBP1, or
both proteins were added and beads were
incubated at 25C. Bead aliquots were taken
at indicated times, and after washing, loss of
importin- bound RanGTP was monitored by
scintillation counting.
(G) Model of Npap60-assisted importin-:-
mediated nuclear protein import cycle.
Npap60 (NFR), importin- (); importin- ();
RanGDP (RD); and RanGTP (RT).
teins were added. Aliquots were taken at indicated tin- intermediate complex can be assembled in vitro
(Figure 7C, lane 2).times, and the loss of Ran[32P-GTP] was measured.
Free, excess transportin was included in the reaction
to prevent rebinding of RanGTP to GST-importin-. As Discussion
reported previously, RanBP1 and importin- cooper-
ated to increase the dissociation of the importin-: Classical nuclear import is mediated by the importin-
: transport receptor. We describe here the surprisingRanGTP complex (Bischoff and Go¨rlich, 1997; Floer et
al., 1997). Most importantly, Npap60 stimulated this ef- finding that in mammalian cells, this receptor complex
can utilize a previously unrecognized subunit, Npap60,fect (Figure 7F). Therefore, the facilitation of GAP-medi-
ated hydrolysis (Figure 7E) is most likely due to an in- a nuclear pore-associated protein that has also been
named Nup50. All detectable Npap60 present in a solu-creased off-rate of RanGTP from importin-. Npap60
can mediate this effect because it recruits importin- ble cell extract was coprecipitated with endogenous
importin-. Yeast two-hybrid and in vitro binding assaysto the Npap60:importin-:RanGTP complex. In fact, as
shown above, this Npap60:importin-:RanGTP:impor- showed that this interaction is specific, direct, and medi-
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ated by the F domain of Npap60, which possesses three son et al., 1996; Rout et al., 1997), consistent with the
FG motifs. Npap60 also binds to importin- and Ran- existence of a trimeric Nup2p:Kap95p:Kap60p complex
GTP, through an N-terminal N domain and a C-terminal in the yeast cytoplasm. However, a key difference be-
R domain, respectively. This modular design enables tween these two cofactors is that Nup2p binding to
Npap60 to connect to importin- in multiple ways (Figure importin- is competitive with NLS-cargo binding,
7G). In essence, it can behave as a trimodal switch that whereas Npap60 binding to importin- is independent of
is converted between different states by other factors. NLS binding (at least for monopartite signal sequences).
In Mode 1, Npap60 binds importin- only through the F Therefore, the cofactors must be functionally distinct.
domain. In Mode 2, an importin-: complex can link to Perhaps they represent different solutions to the same
Npap60 via importin- binding to the N domain. Mode requirement for highly efficient cargo import by the im-
3 most likely occurs only in the nucleus, where impor- portin-:pathway. Nup2p achieves this end by facilitat-
tin- can bind the Npap60 R domain via RanGTP. ing importin- export, and Npap60 by facilitating import
Consistent with a function in nuclear import, Npap60 of the importin-: complex.
can shuttle (albeit slowly) between the cytoplasmic and Finally we note that, despite the intensive analysis
nuclear compartments and is accessible from the cyto- given to this pathway, the discovery of an additional
plasmic side of the nuclear pores. Moreover, under con- subunit for the importin-: complex illustrates that fur-
ditions of limiting transport factors (importin- and -), ther characterization of the soluble phase of nuclear
Npap60 can stimulate import of NLS-cargo. These data transport will likely yield new factors and additional lay-
suggest that Npap60 may function as a mobile nucleo- ers of complexity.
porin that cycles back and forth through the NPC consti-
tutively associated with importin-. Experimental Procedures
We propose a working model for Npap60-assisted
Materialsnuclear protein import based on these ideas (Figure 7G).
Full-length cDNA encoding Npap60 was cloned by PCR from aOn the cytoplasmic side of the NPC, Npap60 associates
human brain library using primers to the 5	 and 3	 ends of the
with importin- via the F domain of Npap60 (Mode 1). published sequence (Accession Number XM_017142). CAS was
This complex can bind importin- and NLS-cargo, cloned from a single human EST (Accession Number AA113938)
producing a Npap60:importin-::NLS-cargo complex and inserted into the BamHI site of pQE30. The Nsp1p FF5 (Bayliss
et al., 2000) was ligated into pET30a. Other constructs have been(Mode 2). The binding of Npap60 to importin- within
described elsewhere (Lindsay et al., 2001; Welch et al., 1999). Pep-the complex stabilizes the interaction between impor-
tides used in binding assays were: SV40 NLS, CYTPPKKKRKV;tin- and importin-, but weakens the interaction with
Npap60 IABM, CMKNRAVKKAKRRNV; and as a control, CGAGRSSthe F domain, permitting importin- to bind more effec-
MAHGPGA.
tively to nucleoporins. The concentration of FG repeats Rabbit anti-human Npap60 antiserum was produced against re-
within the NPC has been estimated at 50mM (Bayliss combinant His6-tagged human Npap60 and antibodies were purified
et al., 1999), 103-fold higher than in our in vitro assays, against His6-tagged Npap60 linked to cyanogen bromide beads and
eluted at pH 2.5.so even weak interactions will successfully displace the
His6-tagged proteins were expressed in E. Coli BL21 Star (In-F domain from importin-. However, the importin- me-
vitrogen) and purified on Ni2
-NTA beads (Qiagen). GST-tagged fu-diated interaction between Npap60 and importin- pre-
sion proteins were expressed as described (Lindsay et al., 2001).
vents the dissociation of the complex during transit. 35S-labeled proteins were synthesized by in vitro transcription-trans-
Within the nucleus or at the nuclear face of the NPC, lation (TNT) from pET30 constructs, according to the manufacturer’s
the complex binds RanGTP through a site formed from instructions (Promega).
the RBDs of both importin- and Npap60 (Mode 3).
RanGTP binding displaces the IBB domain of impor- Yeast Mating Assay
Bait plasmids encoding fusion proteins of the Gal4DBD and im-tin- from importin- within the complex (Go¨rlich et al.,
portin-, Crm1, or importin-4 (aa 349–521) and (aa 396–521) were1996a; Go¨rlich et al., 1996b). Removal of importin- from
transformed into MataHF7c yeast strain. The yeast were mated withNpap60 within the complex is mediated by CAS and
W303 strains harboring fusion proteins of the VP16 activation do-
RanGTP. Binding of CAS to importin- excludes binding main and RanBP3, Npap60, Ran, or CAS, then replica-plated onto
of both NLS-cargo and Npap60 to importin-. Two com- L-H-W-drop-out medium to select for bait-prey interactions (Plafker
plexes are therefore generated: Npap60:importin-: and Macara, 2000b).
RanGTP and CAS:importin-:RanGTP. Both translocate
back through the NPC and are dissociated at the cyto- Permeabilized Cell Transport and Cell Fusion Assays
Import assays were performed essentially as described (Welch et al.,plasmic face by the hydrolysis of RanGTP by RanGAP
1999). For endogenous importin- export, digitonin-permeabilizedand RanBP1 (or RanBP2).
HeLa cells were incubated with factors plus energy at 37C for 20The yeast protein Nup2 is also in a dynamic associa-
min. After washing, nuclei were fixed with 4% (w/v) paraformalde-
tion with the NPC, but may function to facilitate importin- hyde/PBS, permeabilized with20C methanol, and stained as nec-
 export rather than directly stimulating NLS cargo im- essary. Cells were visualized by fluorescence microscopy using a
port (Belanger et al., 1994; Booth et al., 1999; Solsbacher 60water immersion lens. Images were captured with a Hamamatsu
et al., 2000). Nup2p, like Npap60, is a shuttling protein CCD camera and quantified for at least 3 random fields of cells
(50 cells/treatment; with background subtraction) with Openlabthat is accessible from both the nuclear and cytoplasmic
software (Improvision). Fusion assays were performed essentiallysides of the NPC (Dilworth et al., 2001; Denning et al.,
as described previously (Plafker and Macara, 2000a). Briefly, GSN22001). Moreover, Nup2p is only weakly associated with
(Hela cells stably expressing GFP-Streptavidin-NLS protein) and
the NPC because it does not copurify with nuclear enve- Rat1 cells were coseeded, treated with cycloheximide, and fused
lopes (Rout et al., 2000). Interestingly, immunoisolation with polyethylene glycol. After 2 hr at 37C, cells were subjected
of Protein-A tagged Kap95p (importin-) from yeast cell to immunofluorescence as described above using the anti-human
Npap60 antibody.cytosol isolated Kap60p (importin-) and Nup2p (Aitchi-
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Binding Assays yeast nucleoporin Nup2p is involved in nuclear export of importin
/Srp1p. J. Biol. Chem. 274, 32360–32367.Pull-down assays with recombinant factors and glutathione-Sepha-
rose or sulpholink-Sepharose beads (Pierce) were performed as Conti, E., Uy, M., Leighton, L., Blobel, G., and Kuriyan, J. (1998).
described (Lindsay et al., 2001). For cytosol binding assay, hypo- Crystallographic analysis of the recognition of a nuclear localization
tonic cell lysates were prepared as described (Frangioni et al., 1992). signal by the nuclear import factor karyopherin . Cell 94, 193–204.
After addition of NaCl to 150 mM, lysates were applied to 50 l Denning, D., Mykytka, B., Allen, N.P., Huang, L., Al, B., and Rexach,
glutathione beads loaded with 20 g GST or GST-Npap60 (pre- M. (2001). The nucleoporin Nup60p functions as a Gsp1p-GTP-sen-
blocked in 10% BSA/PBS) for 2 hr at 4C. The beads were washed sitive tether for Nup2p at the nuclear pore complex. J. Cell Biol.
4 with 20mM HEPES (pH 7.4), 300 mM NaCl, 2 mM MgOAc, and 154, 937–950.
0.1% Tween 20 before solubilization by boiling in SDS sample buffer
Dilworth, D.J., Suprapto, A., Padovan, J.C., Chait, B.T., Wozniak,and visualization by SDS-PAGE.
R.W., Rout, M.P., and Aitchison, J.D. (2001). Nup2p dynamically
associates with the distal regions of the yeast nuclear pore complex.GAP and RanGTP Unloading Assay
J. Cell Biol. 153, 1465–1478.GAP assays were performed as described (Lindsay et al., 2001).
Englmeier, L., Fornerod, M., Bischoff, F.R., Petosa, C., Mattaj, I.W.,Unloading of RanGTP was studied as follows. GST-importin- was
and Kutay, U. (2001). RanBP3 influences interactions between CRM1immobilized to beads in the presence of saturating Ran[32P-GTP].
and its nuclear protein export substrates. EMBO Rep. 2, 926–932.Beads were washed to remove unbound Ran, split into two pools,
and diluted in binding buffer (2PBS, 0.1% Tween-20, 2 mM MgCl2, Fan, F., Liu, C.P., Korobova, O., Heyting, C., Offenberg, H.H., Trump,
1% BSA [w/v]). To one pool of beads, Npap60 was added to 500 G., and Arnheim, N. (1997). cDNA cloning and characterization of
nM. Both bead pools were incubated at 25C for 20 min. At time 0, Npap60: a novel rat nuclear pore-associated protein with an unusual
250 l of bead slurry was added to 50 l solution containing im- subcellular localization during male germ cell differentiation. Geno-
portin- (100 nM), RanBP1 (500 nM), or both factors. Free transportin mics 40, 444–453.
was included at 1 M. At intervals, 50 l aliquots were taken, drawn Floer, M., Blobel, G., and Rexach, M. (1997). Disassembly of
through preblocked Wizard minicolumns (Promega), washed 2  3 RanGTP-karyopherin  complex, an intermediate in nuclear protein
ml with binding buffer, and remaining counts were quantified by import. J. Biol. Chem. 272, 19538–19546.
scintillation counting.
Fontes, M.R., Teh, T., and Kobe, B. (2000). Structural basis of recog-
nition of monopartite and bipartite nuclear localization sequences
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